We have investigated the mechanism by which anhydrobiotic organisms can survive severe dehydration. The method used was measurement of the rotational diffusion coefficient of a hydrophilic spin probe, inserted in the cytoplasm of soybean (Glycine max L.) axes, as a function of temperature and sample water content. Results indicate the existence of a hydrationdependent glass-like transition at physiological temperatures. No glass transitions have been observed in desiccation-intolerant samples, suggesting that the ability to withstand dehydration is associated with glass formation.
nents. Here we report on spin-probe ESR2 measurements of cytoplasmic viscosity undertaken to detect the onset of a vitrified state in soybean seeds. Spin probes have been useful in studies of the intracellular environment (9, 16 ). These studies are made possible by the ability of a hydrophilic spin probe to diffuse into the aqueous cytoplasm. The signal due to the extracellular spin probe can be quenched with an appropriate impermeant paramagnetic broadening agent. The ESR signal can thus be used to calculate the relative motion of the probe in the cytoplasm as a measure of cytoplasmic viscosity.
The physical and chemical mechanisms by which anhydrobiotic organisms, such as plant seeds, pollen, bacteria, fungi, and others, tolerate extreme desiccation for long periods of time are still unknown. As water is removed, the stresses imposed on membranes and other intracellular components may be very large (23) . In desiccation-intolerant organisms, dehydration causes irreversible events, such as disruption of cellular and intracellular membranes, and denaturation of enzymes. We can assume that desiccation tolerance will be achieved principally by adaptations in structural organization of cytoplasm and cytoplasmic components.
We have examined the hypothesis that the cytoplasm of anhydrobiotic organisms exists in a glassy state even at physiological temperatures. A glass is a liquid of high viscosity, such that it stops or slows down all chemical reactions requiring molecular diffusion (6) . In so doing, a glassy state may assure quiescence and stability over time. Moreover, a glassy state could represent a useful mechanism to trap residual water molecules and to prevent damaging interactions between cell components (4) . In addition, the resulting highly viscous phase can be readily melted upon addition of water, thus restoring the possibility for metabolic activities.
Preliminary evidence for the existence of a hydration-dependent, glasslike transition at physiological temperatures has been gained by calorimetric studies of maize seeds (22) , which showed that glass formation, or vitrification, can occur in the maize embryo in both the lipidic and the nonlipid compo-'Support (to F.B.) made by Fondazione San Paolo di Torino (Italy).
MATERIALS AND METHODS
Axes of soybean seeds (Glycine max L.) were hand-dissected. Samples of about 500 mg were imbibed in 3 ml H20 with 50 ,tL of 80 mm aqueous solution of the hydrophilic nitroxide radical Tempo (Sigma) for 2 min in a cold room (5°C). Tempo has been reported to cross a cell membrane in a few milliseconds (1 5) , and therefore it is reasonable to assume that the probe was uniformly distributed throughout the tissue in this time. Samples were then washed briefly with 100 ,L 0.5 M NiCl to quench the nonadsorbed Tempo. Samples were dehydrated over P205 under vacuum for 24 h, after which sample water content was adjusted by incubating over saturated salt solutions at 50C, until constant weight was achieved (1 week). Desiccation intolerant soybean axes were obtained by pregerminating tolerant axes for 24 h at room temperature over wet filter paper. These samples were then dehydrated over P205 for 48 h. Heat-killed samples were obtained by exposing tolerant soybean axes at 95°C for 72 h. Imbibition with Tempo, and sample water content adjustment followed, as described above.
Samples were loaded into 3-mm diameter ESR tubes and inserted into the precooled cavity of the ESR spectrometer (Varian E-104, X-band, equipped with temperature controller). The temperature was measured with a thermocouple inserted in the sample tube.
The ESR spectrum of a nitroxide radical usually consists of three lines or groups of lines corresponding to the nitrogen quantum numbers M =-1, 0, + 1 (13) (Fig. 1) . ESR spectra were recorded as a function of temperature, and the probe rotational correlation time (r,.) was determined according to the theory of Freed and Fraenkel (7) for anisotropic tumbling. According to this theory, the rotational correlation time, which corresponds to the lifetime of the probe in a given orientation, can be expressed as: = 6.65 x 10(W+)L X -lI(s) (1) where W+, is the width, and h+, and h1, are the amplitudes of the + 1 and -1 spectral lines, respectively, of the mobile radical spectrum (Fig. 1) . The more rapid the nitroxide motion, the narrower the ESR lines, as a consequence of the averaging of the coupling constant and g factor anisotropy (13) .
The Stokes-Einstein relation for the diffusion ofa Brownian particle relates the rotational diffusion coefficient (Drot) and the viscosity of the medium (7, in cP):
where k is the Boltzmann's constant, T is the absolute temperature, and r is the radius of the particle. 
To localize the spin probe in the cell, the hyperfine coupling constant (An, in G) was measured. A measurement of the distance between the mid field the high field spectral lines (corresponding to M = 0 and -1, respectively) gives the value of A, for the spin probe (Fig. 1) .
Sample dry weight was determined gravimetrically, as the loss of weight after 72 h at 95°C in a drying oven, and sample water content (h) is given in g H20/g dry weight.
RESULTS AND DISCUSSION
The hyperfine coupling constant (A,,) for the spin probe was measured as a function of temperature and sample water content. A, was equal to 16.0 ± 0.3 G for all the samples examined. A, for piperidine spin labels is about 17 G in water and about 15 G in oleic acid (17) , and about 16.5 G in glycerol-water solutions (12) . A "structured" aqueous cell interior would be the cause for a reduced value of A,. The value of the hyperfine coupling constant for a particular spin label is smaller in solutions of lower dielectric constant, and the structuring of water would likely reduce its ability to stabilize the nitroxide radical (10) .
It is important to eliminate possible effects of cell walls on the physical properties of water in the apoplast. Interstices in the cell wall are often in the range 1 to 10 nm in diameter (18) and are accessible to Ni+ ions. Therefore, the probe molecules in aqueous pockets in the cell wall are easily quenched by this diffusing paramagnetic ion. Moreover, similar experiments made with maize endosperm hand-dissected from mature seeds (data not shown) displayed no incorporation of the nitroxide radical Tempo, suggesting that only the probe present in the cell aqueous compartments (missing in the endosperm tissue) produces an ESR signal after washing with NiCl. The measured value for A, along with the above considerations, clearly indicates the probe in aqueous compartments inside the cells. Furthermore, ESR signal intensities did not change significantly with temperature ( Fig. 1) or with sample water content, indicating the absence of distinct populations of probe in the cell cytoplasm.
We measured the rotational diffusion coefficient as a function oftemperature for soybean seed axes whose water content was in the range 0.05 < h < 0.30 (g/g). Properties of water molecules in this hydration range are critical for anhydrobiotic organisms, and it is within this range that desiccation-tolerant systems are switched from physiologically inactive to physiologically active states (2, 19) . Moreover, in soybean axes at hydrations above h -0.30 (g/g), water is susceptible to freezing (20) . In Figure 2 , Drot is plotted versus temperature for a sample whose water content was h = 0.098 (g/g). The dependence ofDrot on temperature is biphasic, with an almost temperature-independent region in the low temperature region, followed by a linear increase with increasing temperatures. According to Equation 2, the slopes of the two asymptotic behaviors (indicated by the straight lines in Fig. 2 ) of Drot are inversely proportional to the viscosity of the environment in which the probe is inserted. Therefore, the temperature at which the two lines intersect defines a transition between two different viscosity regimes. This is based on the assumption that the radius of the probe is not a function of temperature or viscosity. This assumption has been shown to be correct for the small probe used (12, 24) . The value for viscosity in the low temperature region (Fig. 2) can be calculated using Equation 3, with r = 2 A as the radius of the spin probe (12) , and the calculation yields n = 99 centipoise (cP). This value is much larger than the one calculated using the high temperature region in Figure 2 (i7 = 7 cP). For comparison, the cytoplasmic viscosity reported for desiccation-intolerant organisms is in the range 2 to 14 cP (1).
We will refer to the the highly viscous phase as a glassy T (K) Figure 2 . The glass transition temperature of soybean seed axes can be determined by ESR. Each dot represents the rotational diffusion coefficient (Drot) for soybean axes, treated with Tempo and equilibrated to a water content of 0.098 g/g, measured at different temperatures (T). The intersection of the two viscosity trends is taken as the transition temperature (Tg).
state, and the transition temperature, indicated in Figure 2 , as the glass transition temperature (Tv). The glass transition temperature has been determined for soybean seed axes at several different water contents. A phase diagram relating the glass transition temperature to sample water content can then be produced (Fig. 3) . This diagram shows decreasing transition temperatures with increasing hydration, in agreement with glass transitions in hydrated polymers (14) , and glass forming saccharide-water solutions (8) . Moreover, the phase diagram shown in Figure 3 is consistent with calorimetric results reported by Williams and Leopold on vitrification of maize embryo (22) , and of pea axes (3) .
A completely different trend is observed, in the same hydration range, for desiccation-intolerant and heat-killed soybean seed axes. The phase diagram for these samples shows the transition temperature as independent of sample water content (Fig. 3) . It is noteworthy that the transition temperatures for the intolerant and heat-killed samples are consistently about 0°C. This indicates that the aqueous cytoplasm of these samples was freezable and not glassy.
CONCLUSIONS
These data provide evidence that the cytoplasm of relatively dry seeds exists in the vitrified or glassy state, and they confirm the previous results (22) obtained with a completely different technique. A method for the determination of the glass transition temperature in cytoplasm of seed tissues has been presented, and from the resulting phase diagram, it is clear that at water contents below 0. 10 g/g, the cytoplasm of these tissues will be in a glassy state at standard storage temperatures.
Speculation as to the identity of the solutes that may be contributing to the observed glass formation focuses immediately upon the common sugars abundant in anhydrobiotic organisms (8, 11, 22) . The ability of disaccharides to protect membranes and proteins against dehydration (5) can be thus connected with their ability to form or to induce glass formation at physiological temperatures (8) . Leakage and/or hydrolysis of disaccharides upon axes germination would thus hinder the possibility of the cytoplasm to undergo a glass transition, as observed with pregerminated samples.
These results further support the correlation between cytoplasmic glass formation and desiccation tolerance, and they provide at least tentative evidence that the capacity of a tissue to be vitrified is associated with the desiccation-tolerant state. An interesting contrast is seen for desiccation-intolerant tissues, where the transition temperature equals 0C, as would be expected for freezable water. This also provides additional evidence about the crucial role played by 'bound' (unfreezable) water in anhydrobiotic biology (21) . We believe that cytoplasmic glass formation can accommodate many of the difficult problems posed by the biology of anhydrobiotic organisms, and the properties of a vitrified cytoplasm would help ensure the survival of organisms during a period of desiccation. 
